The double-crested cormorant, Phalacrocorax auritus, is considered the primary depredating bird species on commercially produced channel catfish, Ictalurus punctatus, in the southeastern USA. We simulated different levels of cormorant predation on losses at harvest and economic effects on channel catfish production in a multiple-batch cropping system. We observed significant (P < 0.05) declines in catfish production at increasing levels of cormorant predation in this study. This decline was mitigated by increased individual growth of catfish at higher predation rates (i.e., lower catfish densities). This mitigating effect produced a non-linear relationship with total kg of catfish harvested per pond resulting in a non-linear incremental increase in breakeven price related to predation. Costs of production ($/kg) increased with increasing predation levels up to very high levels of predation with a cumulative maximum increase in breakeven price of $0.143/kg. These results indicate that losses at harvest due to cormorant predation occur immediately but are mitigated in part by compensatory growth of individual catfish. Losses due to cormorant predation in multi-batch systems can be considerable, but there is not a 1:1 relationship between losses and kg of catfish harvested due to compensatory factors.
Channel catfish, Ictalurus punctatus, (catfish) aquaculture is one of the largest dollar value finfish aquaculture industries in the USA (USDA NASS 2014). The majority of this production occurs in the southeastern USA and the delta region of Mississippi in particular (USDA NASS 2014). The double-crested cormorant (Phalacrocorax auritus, cormorant) is abundant in the region and is considered the primary depredating bird species on commercially produced channel catfish Dorr et al. 2012a ). These factors have resulted in significant concern over the potential economic losses to the catfish aquaculture industry attributable to cormorant. Consequently, there has been considerable effort to understand and manage cormorant depredation issues. 1 Correspondence to: brian.s. dorr@aphis.usda.gov Most of the research effort to date on cormorant impacts to catfish aquaculture has focused on bioenergetics modeling, delta-wide population surveys, and extrapolation of these data to the industry in estimating potential losses (Stickley et al. 1992; Glahn and Brugger 1995; Glahn and Stickley 1995; Glahn et al. 1996; Dorr et al. 2012b ). However, little information exists regarding impacts at the pond or farm level. Glahn and Dorr (2002) addressed this issue for single-batch production scenario (Tucker et al. 2004 ) with alternative prey being present. Although this study provided insights on the effects of cormorant predation and alternative prey, it does not reflect current practices in the aquaculture industry. evaluated the effects of cormorant predation at different levels by adapting research pond production data and modeling observed mortalities for multiple-batch cropping systems (see Tucker et al. 2004 for a description). However, they acknowledged several shortcomings to this approach for evaluating effects of cormorant predation. Chief among these issues is that other mortality sources (e.g., disease) do not impact catfish and production in the same way as cormorant depredation. Few studies have directly evaluated the potential loss at harvest due to cormorant predation at the individual pond level in a multiple-batch production system. Multiple-batch production of catfish is the primary commercial production method for channel catfish in the USA (Hanson and Steeby 2003) .
We used research ponds in a multiple-batch cropping system to evaluate the effects of cormorant depredation on catfish aquaculture that more realistically represents current production practices and characteristics of cormorant foraging on catfish aquaculture (Dorr et al. 2012a ). This study can help to better define the economic impact of cormorants on commercial catfish ponds, address some of the issues stated by , and inform management strategies to alleviate depredation impact. Specifically, our objectives were to (1) determine the effect of simulating different levels of cormorant predation on number and biomass at harvest and compensatory growth and mortality of channel catfish in a multiple-batch cropping system, (2) develop models for describing changes in number and biomass at harvest for varying levels of cormorant predation, and (3) evaluate these production losses in term of pond level economics.
Materials and Methods

Stocking, Maintenance, and Harvest of Catfish
Forty approximately 0.05-ha catfish ponds were stocked in April 22-23, 2003, using standard multiple-batch practices (Tucker and Robinson 1990) at rates observed in the catfish aquaculture industry 24,710 head/ha (10,000/ acre; USDA/APHIS 1997; Tucker et al. 2004) . We compressed the time line of this study from the typical 18-mo cycle by stocking ponds to mimic ponds at ≥ 18 mo into the production cycle and immediately following a foodfish harvest cycle. We simulated this point in the harvest cycle by stocking approximately 50% of the total number of catfish as 13-18 cm or stocker size fingerlings for grow-out with the remainder simulating graded and unharvested catfish averaging less than 0.34 kg (Tucker and Robinson 1990) . The unharvested catfish represents catfish from the previous stocking that had not grown large enough for sale. This procedure simulated a situation in which a multiple-batch cropping system has recently been harvested of approximately 50% of the total head count for foodfish processing and then restocked with a similar percentage of stocker size fingerlings, to replace the foodfish removed (Tucker et al. 2004) .
To simulate cormorant predation, the initial stocking rate of catfish was adjusted based on a given percentage level of predation. Because cormorants primarily consume 15-18 cm fingerlings , the initial stocking rate of fingerlings was adjusted based on the level of cormorant predation to be simulated. Cormorant predation on understocked fingerlings in foodfish ponds also occurs primarily in winter, so impacts are often not realized until the subsequent growing season. In total, eight predation levels were evaluated: 0, 15, 30, 45, 60, 75, 90 , and 100%. Five ponds were stocked at each of the five associated levels of predation (i.e., 40 ponds total). The control (0% predation) ponds were stocked 50:50 stocker-sized fingerlings and < 0.34 kg catfish, as described in the preceding paragraph. All other pond stocking rates were adjusted based on their associated predation levels. For example, the 15% predation stocking rate was ((0.50 × 24,710/ha)) × (1-0.15) = 10,502/ha of stocker size fingerlings. The 100% predation level received only < 0.34 kg catfish. Average weight of individual catfish per pond at stocking was determined by dividing total weight stocked by total number stocked per pond.
Weights and counts for each category of catfish stocked (i.e., <0.34 kg and fingerling catfish) were recorded to account for the distribution of initial catfish sizes stocked in each pond.
Catfish were fed a satiation diet of 32% protein feed daily (Robinson et al. 2004) . Feeding rate was initiated at a level not to exceed 3% of total catfish biomass in the pond. Subsequent feeding was adjusted based on the amount of feed consumed in an approximately 15-min period. If all the feed was consumed in less than 15 min, then the amount of feed was increased; if not, it was reduced. Other factors that may affect feeding are water temperature and health status of catfish. Temperatures lower than about 18 C can reduce the amount or period of feeding (Robinson et al. 2004) . Some disease treatments require the reduction or elimination of feeding (Robinson et al. 2004) . Daily records of feeding for each pond were maintained for the duration of the study.
After a grow-out period of approximately 7 mo, catfish were harvested and counted from each pond and removed to holding ponds. Harvested catfish were separated into two categories: catfish < 0.34 kg and catfish ≥ 0.34 kg. This was done to track cohort-specific characteristics regarding growth, survival, and production of the two size classes of fish in each pond (i.e., larger but not harvestable size fish and stocker size fingerlings) present at the beginning of the production cycle. Harvesting involved using seine nets and 1-3 seine hauls per pond and hand counting 50 fish at a time into baskets and weighing each basket to the nearest 0.01 kg. Following seining, ponds were drained and all fish missed by seining were hand counted from the drained ponds. Total counts provided information on estimates of total mortality, and compensatory versus additive mortality effects. Average weight of individual catfish per pond at stocking and harvest was determined by dividing total weight stocked or harvested by total number stocked or harvested. Weight data provided estimates of individual compensatory growth and additive or compensatory effects on total weight of catfish harvested for each predation scenario.
Statistical and Economic Analyses
Linear polynomial (first to third order) regression analysis SAS (version 9.2) PROC REG (SAS Institute Inc., 2008) was used to model total weight of catfish harvested from ponds (response variable) at each predation level (explanatory variable) and total weight for each size category harvested (i.e., <0.34 kg and foodfish). The same regression analysis was used to model overall average individual weight of catfish from ponds (response variable) at each predation level and for each size category at harvest. Lastly, we standardized total kg of catfish harvested/pond by survival of remaining fish to isolate the effects of cormorant predation relative to other mortality sources (e.g., disease). We then modeled trends in this standardized harvest estimates using regression analyses as described previously. Higher order polynomials were included for modeling trends in harvest and individual growth if the partial F statistic was P < 0.15 and the R 2 was maximized (Draper and Smith 1981 ). An alpha of 0.05 was used for all other significance tests.
We used the overall weight of catfish standardized for pond specific survival to calculate the kg yield of catfish for each predation level. We then converted these estimates to kg/ha by dividing by the mean pond size in this study. We modified an existing catfish enterprise budget (Engle 2012 ) for a 104-ha farm which is a common size for a commercial catfish foodfish farm (Engle 2007) , and adjusted the stocking rate to 12,355 fingerlings per ha. The feed quantity used in the budget was based on the observed feed conversion ratio (FCR) in this study, and the average size of catfish fingerlings at stocking. This base budget was used for each predation level with the corresponding yields at each predation level used for budget determination. The breakeven price above total cost, which also is the per-kg cost of production, was used for comparison across predation levels.
Results
A total of 35 of the 40 ponds initially stocked were used for analyses (Table 1) . Five ponds were not used as they were inadvertently stocked at rates greater than 24,710/ha. The ponds removed included one at the 60% predation rate, two at the 75% predation rate, and two at the 90% predation rate (Table 1) . A total of 23,500 ≤ 0.34 kg catfish were stocked at a mean individual weight (total weight/total stocked per pond) of 257 g (N = 35, SD = 9.6 g; Table 1 ). A total of 12,320 fingerlings were stocked at a mean weight of 28 g (N = 30, SD = 2.9 g; Table 1 ).
Catfish were harvested November 3-5, after a grow-out period of 195-198 days. A total of 19,502 foodfish were harvested at a mean individual weight (total weight/total number harvested per pond) of 662 g (N = 35, SD = 104.7 g; Table 2 ). A total of 9118 ≤ 0.34 kg catfish were harvested at a mean individual weight of 236 g (N = 33, SD = 64.7 g; Table 2 ). Trend in overall weight of catfish harvested was significant (F 2,32 = 17.48, P < 0.001) and non-linear (R 2 = 0.52, Fig. 1A ). Trend in total weight of <0.34 kg catfish harvested was significant (F 1,33 = 157.36, P < 0.001) and linear (R 2 = 0.83, Fig. 1B ). Trend in total weight of foodfish harvested was significant (F 2,32 = 11.42, P < 0.001) and non-linear (R 2 = 0.42, Fig. 2A ). Trend in overall weight of catfish harvested and standardized for pond specific survival was significant (F 2,32 = 34.05, P < 0.001) and non-linear (R 2 = 0.68, Fig. 2B ). Trend in mean individual weight of all catfish harvested was significant (F 2,32 = 27.79, P < 0.001) and non-linear (R 2 = 0.64, Fig. 3A) . Trend in mean individual weight of foodfish harvested was non-significant. Trend in mean individual weight of <0.34 kg catfish harvested was significant (F 2,28 = 23.80, P < 0.001) and non-linear (R 2 = 0.63, Fig. 3B ). Mean survival of all catfish in all ponds was 78.8% (min = 44.2, max = 93.7). There was no significant trend in survival across predation levels.
Trend in overall weight of catfish harvested and standardized for pond-specific survival (Fig. 2B ) was used to generate harvest estimates used in the catfish production enterprise budget. The incremental increase in breakeven price ($/kg) at each predation level ranged from −$0.003 to $0.031 (mean = 0.013, SD = 0.013, n = 7). The cumulative maximum breakeven price was $0.143/kg. Costs of production ($/kg) increased with increasing predation levels up to very high levels of predation (Fig. 4) . However, the incremental rate of increase declined as predation level increased due to lower total costs of production caused by lower feeding rates and increased individual catfish growth (Fig. 4) .
Discussion
We observed significant declines in catfish production at increasing levels of cormorant predation simulated in this study. However, this decline was mitigated in part by increased individual growth of catfish at lower catfish densities. The mitigating effect of increased individual catfish growth (Fig. 3) produced a non-linear relationship with total kg of catfish harvested per pond (Fig. 1A) , even when only considering losses attributable to cormorant predation (Fig. 2B) . The effects of compensatory growth resulted in a non-linear incremental increase in price per kg necessary to break even with respect to production costs (Fig. 4) . Increased predation levels resulted in lower total costs of production due to lower feeding rates. However, the lower yields that resulted from increased predation resulted in per-kg costs of production that increased as predation rates increased up to very high (90%) rates of predation. Clearly, profitability, for any given farm price of catfish, will decrease as per-unit cost of production increases (Fig. 4) .
As in this study, found that cormorant predation had a non-linear relationship with the simulated number of catfish consumed by cormorants foraging on individual ponds. However, the maximum mortality modeled by was about 60 and 40% at the 18,500 catfish/ha and 25,000 catfish/ha stocking rates, respectively. Thus, had no samples at higher mortality rates from which to draw conclusions regarding the relationship between cormorant predation and effects on harvest. While USDA (2010) reported catfish farmers' estimates of losses from single depredation events, there are no data from commercial catfish farms that measure actual, cumulative losses due to predation. also used production data from experimental ponds that had varying sources of mortality to estimate cormorant impacts. The losses modeled by and used to simulate cormorant predation effects on catfish harvest were caused primarily by disease, which differed from our study. Disease may affect various size and age classes differently and therefore effects on final harvest. Disease also occurs throughout the production cycle, whereas cormorant predation on catfish in the southeastern USA occurs primarily during the winter months. In addition, disease may inhibit growth of remaining catfish if they have symptoms but recovered or if the disease was chronic. Conversely, cormorants are relatively specific in the mortality they cause on catfish in that they primarily consume 15-18 cm fingerlings during the winter . So losses of stocker size fingerling generally occur either before or after the growing seasons for stocked catfish. The mortality on specific size classes of catfish modeled in this study differs from that of , and better simulates the effects of cormorant predation in the industry. In addition, used data from catfish cultured in single-batch ponds not multiple-batch ponds as in this study. The effects of the presence of larger fish competing with smaller fish for the same food resource may influence compensatory growth effects at varying catfish densities. These differences may account for the mitigating effect of compensatory growth observed in this study. found that higher catfish stocking densities (25,000 vs. 18,500 catfish/ha) may mitigate the effects of cormorant predation on catfish. attributed this finding to compensatory mortality and growth of surviving fish. They also found that simulated predation did not appear to affect production in single-batch systems until it exceeded about 15% mortality relative to total stocked in single-batch systems. We did not find a difference in survival of remaining catfish across the various predation levels due to factors other than predation (e.g., disease) in our study. Therefore, compensatory factors mitigating losses in our study appeared to be driven by compensatory growth of surviving catfish rather than other mortality sources. In our multiple-batch system, we described an immediate non-linear drop in production (Fig. 1A) at a declining rate up to about 60% predation level. Beyond 60% predation compensatory growth mitigated losses in the multiple-batch system but never fully regained the production at lower predation levels. For data standardized for survival of remaining catfish (to isolate cormorant predation effects), the threshold for mitigating losses occurred at about the 75% predation level of stocker size fingerlings (Fig. 2B ). This differs from the findings of . We did observe a linear trend in losses of 0.34 kg size catfish harvested (Fig. 1B) . These fish likely represent smaller fingerlings stocked or catfish that exhibited slower growth than their cohorts or some combination of these factors. This effect of uneven growth of individual fish is well documented in almost all finfish aquaculture and certainly in catfish aquaculture (Tucker et al. 2004 ). In addition, growth rate tends to slow as fish get larger. This effect was observed in our study as there was no trend in mean weight of food-size catfish harvested relative to predation level. However, there was a significant non-linear trend in the individual growth rates of <0.34 kg catfish harvested. Thus, some fingerlings stocked grew faster, particularly at higher predation levels. As food should not be limiting (fish were fed to satiation), the individual compensatory growth response may be due to a density-dependent response caused by a reduction in competition or overcrowding at higher predation levels. This increased growth associated with the lower total numbers likely produced the mitigating effects on losses observed in this study at higher predation rates. To our knowledge, this is the first effort to model the impacts of cormorant predation on harvest in a simulated multiple-batch production system (Tucker and Robinson 1990; Tucker et al. 2004 ). Our findings indicate that losses at harvest due to cormorant predation occur immediately in a multiple-batch system but are mitigated to some degree primarily by compensatory growth of individual catfish at higher predation levels. Glahn and Dorr (2002) found similar compensatory effects on cormorant predation in simulated single-batch catfish culture systems. They attributed this to several factors including compensatory growth, mortality, and the presence of a buffer prey. Regardless of whether cormorant predation occurs in single-batch or multiple-batch systems, losses due to cormorant predation can be considerable, but there is not a one-to-one relationship between losses and kg harvested due to compensatory factors. This study evaluated effects of a range of cormorant predation levels in a simulated multiple-batch catfish culture system based on an initial stocking density of 25,000 channel catfish/ha. However, this range of predation levels may have different outcomes if initial stocking levels are much lower (e.g., 12,500 catfish/ha). In addition, this study represents effects after only one production cycle. If cormorant depredation on fish stocks occurs over multiple years, the producer may realize a cumulative decline in numbers of fish in the pond and harvested. Lastly, hybrid catfish grow faster which may reduce vulnerability to predation ( Wolters and Tiersch 2004) . Further research could provide valuable insights on the use of hybrids and how production at varying stocking densities and multiple production cycles in a multiple-batch culture system is affected by cormorant predation.
